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Abatract 

This papar prtaanti tha raaulti of tatting to 
Identify tha affacta of aiaulatad aarodynaatc flight 
loads on JT9p angina parforwanca. Tha taat ratulta 
wert also usad to rafina pravioua analytical atudiaa 
on tha lopact of aarodynaaic flight loada on par- 
foraanca loaaca. To accoapUah thaaa objactivaa, a 
JTVD-7AH angina waa aaaaablad with avaraga produc- 
tion claarancas and naw aaala aa wall aa axtanaiva 
inatruaantation to aonitor angina parforaanca, caaa 
taaparaturaa, and blada tip claaranca rhangaa. A 
special Inadmg device waa daaignad and conatructcd 
to perait application of known aoaante ^nd ahear 
forces to tha angina by the ua« of cabiaa placed 
around the flight inlet. Tha taat waa conducted in 
the Fratt 4 Uhitney Aircraft X-Say Teat Facility to 
permit the uae of X-ray tachniquaa in conjunction 
with later blade tip proaiaity probes to monitor lar 
portant angina claaranca changaa. Upon complation 
of the test program, tha taat angit*? waa diaaaaaap* 
bled, and the condition of gaa path parts and final 
clearances were docuawnted. The test results indi- 
cate that the engine lost l.l percent in thrust spe- 
cific fuel consumption (TSFC), as measured under aaa 
level static conditions, due to increased operating 
clearances caused by simulated flight loads. This 
compares with 0.9 percent predicted by the analyti- 
cal model and previous study efforts. 

Introduction 

The high cost of fuel for aircraft gas turbine 
engines has resulted in a concerted effort to mini- 
mize performance deterioration during the life of an 
engine. In rasponat to the need for better fuel ef- 
ficiency, the National Aeronautics 4 Space Agency 
initiated the Aircraft Energy Efficiency (ACEE) pro- 
gram m 197>. An element of this program. Engine 
Diagnostics, managed by the Lewis Xaatarch Center 
investigated the cauaei and cstent of performance 
deterioration of high bypass ratio turbolan en- 
gines. As part of this program, the Ftatt 4 Whitney 
Aircraft Corp. was awarded a contract to determine 
the evtent and cauaei of performance deterioration 
of their JT90 engine. Invtatigation of hiatorical 
data^^) on the JT90 engine along with performance 
data obtained from 32 JT9D-7A engines in the Fan 
American World Airway's fleet of loeing 747 $F air- 
ctaft^^\ have indicated that a performance loss 
of 0.7 percent cruiae SFC occurs in the first few 
flights of the aircraft. A substantial portion of 
this loss occurs during flight acceptance testing of 
the airplane prior to ita delivery to the airline 
and, therefore, is not part of revenue S'rvicc dt- 
terioration. This deterioration is caused by in- 
creased operating eltarancae between rotating fan, 
compressor and turbine blade tips and their outer 
air seals. Engirt case and rotor deformations re- 
sult from aerodynamic loads on the engine inlet cowl 


and inertia loada on the engine which occur during 
flight. These deformations causa rubbing of tha ro- 
tating blade tipa on their outer air aaala (Fig. 1) 
which product tha ineraaaad cltarancta reducing the 
efficiency of the angina. 

Fratt 4 Whitney Aircraft Corp* aaaiatad by the 
toeing Co«arcial Airplane Co. has also davtloptd an 
analytical technique to predict tha affacta of air- 
craft flight loada on the performance datarioration 
of the JT^ angina^^^* Thia aaalytia utiliaea a 
NASTEAN finite element model (Fig. 2) of the JT9D 
engine in a 747 aircraft n.^cella. 

An aerodynamic load aimulation taat^^^ has 
been conducted by P4WA in their X-ray teat facility 
to determine the effect of these loads on tha par- 
(ormanca deterioration of the JT90 engine. The ob- 
jective of tuia teat program waa to datacmitia wheth- 
er the short term lose in parformanct waa caused by 
these aaro loada or by thruat/ thermal loada or by 
the combination. Blade tip clearance changes were 
measured with laser proximity probes and X-ray tech- 
niques. Using the P4 Ua component design ayatem, en- 
gine and module performance loaaea ware determined 
from expanded performance inatrumentation and re- 
sults of an analytical teardown of the engine after 
testing. This paper describes this teat program, 
presents results, and comparea these results with 
the performance deterioration models developed from 
actual in-aervice engine data and tha NASTEaN analy- 
tical modal prediction!. 

Teat and Facility Hardware 

Engine 

Tha engine used in tha teat program (JT9D-7AH 
model) waa built from serviceable modulaa which were 
flight quality. The modulaa «#ere aaaembltd with new 
inner and outer air seals and all gas -ath aeal 
cltatances were set to production blueprint limits. 
During aaaasibly, all gaa path clearancaa were mea- 
sured and recorded. Certain engine cases were ex- 
perimental in order to accoasodate the installation 
of experimental inatrumentation. For the teat pro- 
gram, the angina waa installad in a 747-200 nacelle 
with a flight inlet to aimulata the structural load 
paths which occur in the flight inatal lar ion. 

Teat Facility 

The teat waa conducted in the F4WA productio*. 
radiographic teat stand (Fig. 3). This stand waa 
designed for sea level tcating of large high bypass 
gaa turbine engines with airflow rates up to 30uu 
Ib/aec. The stand is equipped with a fully Automa- 
tic Froduction Teat Data Acquisition and Control 
(aFTDAC) ayatem, which programs the engine test in- 
cluding the performance of auch operations as start- 
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inti ignttioni bl««d valv. chcckt. CriMini nnd liv- 
it chtckt. it providt« • continuous display o( par- 
formanct paranattra and uarning of unaccaptabla op* 
aratinc paraaatara. Tht ayataa racorda» coaputaa 
and plots corractad taat data and alao prints out 
this data on tha anpina accaptanca docuaantation* 

Tha anpina ia aountad to a **hardback** atructura 
which is part of an ovarhaad aonorail support ayataa 
providing autonatad anpina positioning in tha taat 
stand. This aystaa is connaciad to tha thrust nas- 
suring structure after it is positioned in the taat 
stand. 

A unique feature of this facility is us radicr* 
graphic capability which was utilised lor angina in* 
Carnal clearance n«asuiamenis during the last pro- 
gran. Tha ayatan is capable of recording internal 
clearances during angina ataady state and tranaiant 
operations as well as static conditions. An 6-Hev 
X-ray source is enclosed in a lead vault irhich is 
aiounccd on a gantry that provides five degraaa of 
fraadow for poaitirming tha source. Coarse posi- 
tioning along the engine axis ia achieved by a drive 
chain which aiovea the entire gantry on caatata. 
fine poaitioning la than achieved by Boving tha 
X-ray head or the gantry. The X-ray head can be 
Boved in any of tha three coordinate directions and 
can be rotated sround two asas providing complate 
positioning flexibility. Tha X-ray fila in foot 
rolls is installad in a filp holder supported on the 
teat stand floor. a raBotaly controlled (iln 
transport devict ia uatd to position auccaaatvt 
araaa of filB in the X-ray baasi. This device pro- 
vides the capability of Baking up to 2^ lAxb inch 
radiographs at a rate of one every 3 aaconOs. 

Loading Device 

The test stand has been Bodified for the in- 
stsllscton of s loading device for the similstion of 
inlet sercdynssiic loads. Loading coBbinstions can 
be applied at three inlet cowl rib locations through 
wire cables wrspped sround the inlet. The proper 
coBbinstion of load cables pulling at the required 
angles proUu.es torces and BOBent s on the engine 
equivalent to the serodynamic Might load. 

The design which has been developed by Pratt 4 
Whitney Aircraft and Boeing is shown in Fig. A. A 
loading strap is located at each of the three for- 
ward inlet cowl ribs. Bach strap is in contact wuh 
a rubber strip bonded around the circuBference of 
the cowl. Bonded to each atrip is a Bachined steel 
ring notched to accept a wire cable, each end of 
which terainates at a hydraulic jack aascBblv. The 
Bschtned steel rings are subBergcd in polyurethane 
•heet to provide a ssKtoth aerodynsBic surface to 
prevent turbulent air from being generated and drawn 
into the inlet fro* the region of the loading fix- 
ture. 

Bach hydraulic jack aaaeaiblv contains a jack, a 
load call to Beaaure applied load, and an overU'Sd 
protection device which allows the engine to Bove 
during transients or an engine atall. The hydraulic 
jack asae»blica are supported by the base and aup- 
porting structure. 

Jacka are plusibed by pipe and hoses to a hy- 
draulic load Baintainer located adjacent to the teat 
aland control rooB. The load Baintainer applies 
proportional loads to two or Bore hydraulic jacks 
aiBultaneoualy in response to hand-crank aoveaient. 


The hydraulic aupply to power the Beintainer ia 1^ 
cated convenitntly to the Baintaintr. 

laatruBontation 

Bladt Tip Clearanca HaasuroBewta 

Laaer proxisity probea wart uaad to obtain 
clearanca changaa batwatn kba fan, coBpraaaor and 
high praaaura turbine bladt tipa and tbair outer air 
aaala during angina operation. Nina angina atagas 
ware inatruBented (fig. >) with four probea per 
•tage locatad eircuBferantially around aacb engine 
case. The actual angular location of tach probe was 
govarned by local acceaa to blead porta to facili- 
tate routing of fiber optic bundlea through outer 
engine cate walla. Seven areea in the high preaaurt 
coBpreaeor, high preaaurt turbine, and low prtsaure 
turbine were X-rayed to obtain both innar and outer 
eiraeal clearances (Pig. 5). The low pressure tui-- 
bine with shrouded blade tips produced good quality 
X-ray photographs froB which blade tip clearencea 
w*ra swasured. X-ray photographa of thr high pree- 
aure coBpresaor and high prtaaure turbine were uatd 
as back-up to the Bore accurate proxiBity probe data 
for daterBining bladt tip clearance changaa. 

Operation of the probes ia based on an optical 
triangulation ayattB aa ahown in Pig. 6. Light froB 
a htltuerneon later it focused onto a tingle 0.001 
inch ditBettr fiber optic. The light ia carried 
along this fiber end tBitted froB the end of the fi- 
ber in the probe, acting aa a point aourct of 
light. This point source of light is focused by the 
input lens onto the blades. If the blades art at 
Position A, the spot of light will be focused by the 
output lens onto a coherent fiber optic at Point a 
and, siBilarly, if the bledea art at Position B, the 
spot will be focused onto Point k of the coherent 
output fiber. It should be noted that the iBtgcd 
spot positions SI A and B do not depend on the re- 
flectivity of the blades (specular or diffuse, ab- 
sorptive or reflective), or on the angle of tilt of 
the blade with respect to Che probe. It is a func- 
tion of only Che distance of the blade froB the 
probe. The coherent fiber optic bundle transfers 
the tsieged spot ,>osicions froa the probe to the 
video esMere, The video ceaere laage is displayed 
on a video aonitor, so chat the poaicion of the 
light epot on the raster of the screen is a aeasure 
of the blade clearance. An illuainated reticle is 
attached to the output fiber optic and serves as a 
calibration reference for the systea. The eysteei is 
cslibisted so that any givtn position along the 
scale corresponds to a given blade clearance between 
the blades and the outer air seal surface. 

Data are video tape recorded for peraansnt re- 
cord and further enalysis of trsnsients. A synchro- 
nised digital ciae/dste and engine spevd signal are 
superiaposed on the video for reference. 

The probe in Fig. b it designed for nuking 
blade tip clearance Bessureaents through single cssr 
structures. It is low in profile and, therefore, 
can fit into coapressor cases underneath vane ectu^ 
tor ar«s. The probes have high teapersture epoxied 
fiber optics which liait the opereting teapcTSture 
of the fiber optics porticn of the probe to 
b00®F , With e nitrogen purge flow through the 
probes, they can be operated ir teaperatures of 
about 900^. 

Turbine probes have to operate in a consider- 
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ably mort hoacila anvironBant, raquiring coolinf and 
tkfli preiaurc scalft. Due to tha high tcaparacura 
envi roftmant , the bladt tipa anit radiation which can 
ha picked up by the video ayattB. Thia **background 
radiation" la cliaiinated by uaing a narrew band*paaa 
interference filter which blocka out all light ex- 
cept for the reflected laaer beaa light. A folded 
optical ayatem utilising a prian at the baaa of the 
piobe, provides a oyate« that ia analogous to the 
compressor type probe built in a cylindrical fora. 

The turbine probe ia cylindrical ao that it can 
be effectively scaled at the outer case with a pis- 
ton rinf type seal. The probe ia bayonetted into 
the rub atrip ao that the probe aovea with the rub 
strip, resulting in aeaaureaenta ralative to the rub 
strip. It IS purged with nitroien for cooling and 
to keep dirt from accumulating on the probe optica. 
The temperature vulnerable portion of the probe ia 
the fiber optics which is the part of the probe fur- 
thest irum the engine flow path. 

bngine Performance Heaaurementa 

Two data acquisition systems were utilised to 
obtain engine performance measurements during the 
rise program. Tne primary system, an Automatic Pro- 
duction Test Data Acquisition and Control (APTDaCJ 
system is normally used for production testing. 
‘H^survntcnts arc acquired by the ayatem and conver- 
ted ic engineering units. The converted data are 
used to calculate the required performance parame- 
ters anu the results are checked to determine out- 
o(-limit conditions. The system is designed to 
perform real time data acquisition and display the 
output results on a CfTT and a line printer. 

Due to the large number of parameters being 
measured, a portable, Higli Accuracy Pressure and 
Temperature Data Acquisition System (HAPTSl was used 
to Support th« production dsca system.. The HaPTS 
has tl<e capacity to record up to bUU bipolar milli- 
volt inputs and I'^r pressure inputs on four <*8-port 
scanivalvrd trsnsjucers. 

In order tu assess module performance deterior- 
at lor f i orr. th« test, additional pressures and tenm- 
’leracuits were recorced duiing the test program. 

The location of the performance inatrumentat ion is 
shown in Fig. 7. 

engine uase Thermal Mesiurements 

The engine *ases were instrumented with thermo- 
couples to measure case temperature variation both 
axially ane i rcumferent la 1 ly to correlate axisyin- 
metric and asynmietric thermal closures. Nscelle air 
temperature and presaure were alao measured to de- 
terr.ine heat transfer characteristics within the na- 
cellf environment. The locationa of this instrumen- 
tation are shown in Fig. 6. 

The locations of case, flange, and air thermo- 
couples were chosen to determine Che impact of en- 
gine case metal temperature on adjacent blade tip 
clearance and for determining the effect of engine 
external components on the engine's thermal environ- 
ment . 

Test Program 

This test program was initiated to provide a 
betiei understanding of the relationship between 
stead\ state inlet air loads and engine running 
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clearances aa well as tha effect of theae air loads 
on engine performance detericration. To achieve 
these objectives, a test program was developed uain( 
a new JT9D-7AH engine in a 7A7-20U nacelle (as de- 
fined under '*Test 4 Facility Hardware"). The engine 
was ground testad undar aimulatad aerodynamic flight 
loada during which blade tip clearance, engine per- 
formance and thermal data were obtained. The engine 
was torn down at the completion of the program to 
meaaure physical deterioration. 

Pour flight conditions from the hoeing 747 air- 
craft flight acceptance test were selected for simu- 
Istion in this program. These were: take-off, late 

climb/sarly cruise, maximum dynamic prasaurt, and 
approach. Asrudynamic loads on the inlet cowl at 
each of these flight conditions were simulated uaing 
the strap-type 'uading device described earlier. 

The loads were developed by Boeing from analytical 
and test (wind tunnel and flight) data. These loads 
were applied to the engine in both a static xnd a 
running condition. Fig. 9 shows the prsdictea inlet 
air loada compared to the simulated test loads for 
the take-off flight condition. 

Tbs testing was divided into three major parts 
to satisfy the objectives of the program. The first 
investigated the effects of thcnxal end thruet loads 
on engine running clearances. The second determined 
the static (non-running) engine response to th- ap- 
plied inlet air loads. The third explored the ef- 
fect of combined thermal, thrust and inlet air loads 
on the engine. The testing sequence was determined 
from the analytical model prediction of blade tip/ 
rub strip interference for the many loading condi- 
tions. Loadings which produced no interference were 
run first and then others were run to produce an in- 
creasing level of interference between blade tips 
and outer seals through the end of testing. This 
was done so that the wear produced by the smaller 
loads wsf nnt disguised by that produced by the lar- 
ger loads. 

Throughout the test program, power lever move- 
ment from one test point to another was limited to 
20 rpm/sec or less (N2 speed) to avoid any transi- 
ent conditions that might cause blade tip/rub strip 
interference. Performance data were recorded during 
all test points to determine which test conditions 
resulted in perfoimsnce changes. When a shift in 
engine perfonxance occurred chat was judged to be 
significant enough to warrant further investigation, 
a perfonaance calibration run waa made. Following 
is a more detailed description of the testing. 

Baseline Clearances and Perforxiance Calibration 


After the engine was installed in the test 
stand t.; -•’ior to any engine operation, a series of 
X-rays were tahci. the inner and outer gas path 
seals in the third and tv..'’^h stages of the low 
pressure turbine. These X-rays wre taken both at 
the top (0^) end bottom ( IbO^) of the engine end 
served as the baseline for any seat wear chat might 
occur during testing. These mcasurexMncs also 
seived as a calibration of the X-ray system against 
clearance measurements taken during the analytical 
build of Che engine. 

The engine was then motored with the starter to 
obtain proximity probe cleerence measurements at the 
nine instrumented engine stages. These measurements 
were compared to cKoee taken during the analyticxl 
build of the engine to arrive at • -eliable set of 
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cl*«r«ncet prior to cho ttort of tttting, Thtt« 
cU«tance» wtr« th«n u««d «• b«»«ltn« MaturtMnts 
l*j d«t*Tffunf bUd* tip cltarancc changca during th« 
leit program. 

To dftar«in« cha baatUn# angina and aodula 
ptrformanct lavala, a baaalina aalibracion conaiat* 
in» of 12 aqually apacad poi#ar Mttinga was conduc- 
tad. Each povar tatting wat ttabiliiad for 7 aiin* 
utfft brfort racording angina and aaidula parfor«anca 
data, angina caaa anvironaantal data and angina run- 
ning claaranca. Throughout tha taat program %dtan a 
iignificant parformanca ehanga mat indicatad, thia 
17 point calibration run mat rapaatad. 

Tl»ruit and Tharmal Load Elfactt 

Tha objactiva of thit portion of tha taat pro- 
grarr wat to datarmina tha affacta of thruat and 
tiiarfr.al lo/da onW on angina blade tip claarancaa 
aiij whailicr any parformanca loaa occurred dua to 
tiiaaa loada. The thruat/ tharmal anvirona«nt for 
each of tha four flight conditiona from tha 747 air- 
craft acceptance taat maa aimulatad. Since tha taat 
stand la at aaa laval atatic conditiona. not all of 
tha aipnificanc angina paramatara could be aimulatad 
for the altitude flight conditiona. The diacharga 
tf8:paratura of tna high praaaura compraaaor (T^ 4 ) 
uai uaad aa the controlling paramatar in aattitig an- 
gina power. To simulate tha altitude povar aatting 
then. Tj.. wat aat aa cloaa to tha altitude value 
at possible without axcaading angina thruat, tampar- 
atura and rotor apaaO limits. 

In addition Co tha four flight condition taic 
points, claaranca and tharmal data vara also racor- 
dad during the baseline parformanca calibration cast 
to obtain tnarmst closures between blade tips and 
outer seals over a wide range of operating condi- 
tions. During each test aaquanc*. proximity probe, 
angina case thermocouple and parformanca data ware 
ffcordcd simultaneously. X-ray photographs of the 
low turbine area ware also obtained at each test 
poii*t . 

S tat 1C Load Effects 

Simulated aerodynamic loads as shown in Table 1 
wrrr applied to the engine in a non-running (atatic) 
condition using the loading device described previ- 
ously. additional loadings of Si) percent take-off. 
pure vertical, and pure horitontal were alao applied. 

During each of cheae *oading conditiona, the 
engine was motored with the starter to obtain prox- 
imity probe data on the nine engine stages. X-raya 
of the low turbine area were also obtained at each 
teat load, sll strap load values were recorded 
dur ing th« test. 

Combined Loads Effect - Thermal, Thruat, and 
s erodynamic 

The objective of this part of the test program 
was to determine engine blade tip clearance changes 
that occur under simulated flight conditions from 
Che combined effects of thermal, thruat and aerody- 
namics flight loaus. A total ot 16 combined load 
conditions were tested including four load levela at 
each of the four selected flight conditions to be 
siitulated, as shown on Table It. The 100 percent 
load (or each condition repreatnts a typical revenue 
service flight load. The maximum load (oi each con- 
dition was chosen not to exceed the one e- pe r- 500(^ 


flight load level and is leas than the engine- 
nacelle structural limit values so that no damage to 
engine caaes or nacelle cowls would be expected* 

A typical teat sequence for this part of the 
program conaieted o.* bringing the engine up to the 
dasirad power level end atabiUting (or approxi- 
mately 7 miouttii applying the required aimulated 
aerodynamic load to the inlet through the loading 
davica; t'.ian recording proximity probe blade tip 
clearance data aa well aa tharmal and performance 
deta. An X-ray photograph waa alao taken at one of 
the locationa in the low preaaure turbine. For add- 
itional X-ray locationa, the load waa relieved, end 
the engine brought to ground idle while the techni- 
ciana repositioned the X-ray head and film. The en- 
gine waa then brought beck up to power, atabilixed, 
the loed reapplied, and an X-ray photograph was 
taken. This was repeated until ell eight locations 
were X-rayed. 

Transient Testa 

At the end of the test program, two severe 
transient power conditions were run with no aerody- 
namic load aimulation. The first consisted of a 
10-minute stabilisation at lul* take-off thrust, 
followed by a rapid deceleration to ground idle, end 
another 10-minute stabilisation. The second tran- 
sient perforaied separately froei the first was a snap 
acceleration from ground idle to full take-off 
thtust after a 10-minute stabilisation at ground 
idle. After reaching take-off thrust, the engine 
was stabilised at this condition for lU minutes. 
Imawdiately preceedmg each tranaient, proximity 
probe readings, engine case environment and perforxr 
ance data were recorded. All pretransient measure- 
ments were repealed after the lO-minute post-tran- 
aient atabi 1 isat ion. 

Final Perioratance and Clearance Measurements 

At the conclusion of the test program, the 12 
point performance calibration waa repealed to deter- 
mine engine and ax>dule performance changes. The (an 
blades were then water washed, and another 12 point 
calibration was run. A final set of static blade 
tip clearance measurements were made using both 
X-ray and proximity probe systems. The engine was 
metered with the starter to obtain the proximity 
probe eadings. in addition to these final two per- 
formai^e calibration runs, a 12 point calibration 
was alao run after the thrust and thermal load se- 
quence, after each of the combined load flight con- 
ditions, and aftei the transient testing to deter- 
mine if there were any performance changes caused by 
these loadings. During the teat program, the engine 
was started 62 tiaws and was run through bt (light 
cycles for a total of 147 hours. 

Engine Analytical Teardow n 

After completion of the test program, the en- 
gine was disassembled for inspection of hardware de- 
terioration resulting from the testing. Blade tip, 
and outer and inner air teal wear were awasured for 
all stages. Surface roughness was measured on sev- 
eral fan and compressor blades. Turbine vane bow 
waa also awasuted to determine flow capacity in- 
crease. Other aMssurements t#ere iaken throughout 
the engine to determine whether there was any dis- 
tortion that could contribute to engine and module 
performance changes. 
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TItt t«»t tncint lost • total of 1.3 porcont in 
••a Itvtl alat^c thrust ipocific fuol contuaption, 
of which 1.1 ^rctat was due to blada/atal waai. 

Tht TtMuning 0.2 parcant was doa to tha aapariatn- 
tal natura of tha tast pregraa. Tha rasulta indt- 
catt that tha inlat aarodynaaic loads product larga 
cltaranct changes in tha fan but have a rtlativaly 
simU lapact on claarancas in tha raaaindar of tha 
angina. Partoraanca datarioration aodals davalopad 
during pravious efforts ware updatad, based on the 
results of this tast effort. These sKidels relate 
altitude cruise deterioration, which is approsi- 
eiately 73 percent of sea level take-off parforaiance 
lots, to revenue service. Thee updatad •odals con* 
fir* that the engine loses 0.7 percent in altitude 
cruise specific fuel consunption during the airplane 
flight acceptance lest, a nore coa^leie discussion 
of the results is presented in the following para- 
graphs. 

blade Tip Clesrance Changes Due to 
Thermal Loads 

Hade tip clearance changes which occur during 
engine operation with no asternal loads applied are 
produced by internal engine pressures and tempera- 
tures, centrifugal forces on rotating blades, and 
engine thrust, alt of these produce asisyimsecric 
blade tip clearance changes escepi thrust which is 
reacted off the centerline of the engine. Circus^’ 
ferentisl thersMl gradients around the engine cases 
can also contribute to nonasisymaMtric clearance 
changes. 

a sample of clearance changes in the fan stage 
Pleasured with the laser blade tip prosimitv probes 
IS shown in Fig. lU. These clearance changes in- 
clude the non-as I svHnel r ic contribution of thrust 
which IS evidenced bv a greater clearance change in 
the lower two quadrants. The same tvpe of inforsu- 
t ion presented in a different sinner is shown in 
Fig. 11 tor the third stage of the low pressure tur- 
bine. In this esse, clesrances were obtstned from 
X*rav phoiogtsphs st the 0 snd !• o'clock posi- 
tions. The turbine rotor is centered within the 
esse snd, ss power is incressed, the clesrance be- 
tween rotor and case increases, As thrust is in- 
cressed, the engine bends, causing the clesrances st 
the top of the lo«r-pressure turbine to become tight- 
er on s relative basis snd looser at the bottom. 

The combined effect of case espsnsion under power 
and clearance changes from tht effect of thrust back 
bone bending yield these results. 

Table 111 shows the predicted asisyimmiric 
clearance changes versus engine power which were 
calculated (or each ataga from tha data darivad from 
this portion of tha test progrms. These clearance 
changes reflect the ( as isysMet r ic ) aftacta of engina 
rotor speed, gas path temperatures and pleasures, 
engine esse temperatures, and nacelle ravitv temper- 
atures and pressures. The circumferential nonuni* 
formulas whosa effects were removed from these 
clearances are produced mainly bv thrust. Although 
nonunitorm esse temperatures esist, they contribute 
essentially no c ire umferant lal variation in clear- 
ance. These clearance changes from ground idle 
through iske-off power show a decrease for the ma- 
jority of stages which ;« to be espected. 


blade Tip Cltaranct Chantts Due 
to Aarodynamic los <* 

bimulatad aerodynamic loads wara appliad lo tha 
ifilac of the teat engine under cold, eietic condi- 
tions to dattrmine tha atiffneaa cheroctei latice of 
the JT9D-7A eiifine. The applied looda eimleted the 
inlet preeaure distributions of approoch (Condition 
113), cliBb/cruiec (Condition 104), tiaaimiat dynaisic 
presaurt (Condition 100), and take-off (Condition 
101) from the boeint 747 flight Acceptance Teat. 

Reaulta of the analyais of the proaimity probe 
data art ahown in Table IV. Only the fan eiperi- 
tneed aignificant cltaraiKe changtii cort claarancea 
uaually changed by leas than 0.003 inch with 0.012 
inch being the maximum change* The clearance cheng- 
ea ahown reflect only thoee due to the applied inlet 
aerodynamic moment, and thue do not include the ef- 
fect of engine thrust. 

The reported clearance changes follow espected 
trends (or the various (light load conditions, fig. 
12 illustrates a typical 3T90 engine backbone beno- 
ing plot for an upward moment about the engine cen- 
terline thar IS in approsimately the same direction 
as the moments (or flight conditions IIJ, 104, and 
lUl, The plot illustrates how the cases and rotors 
deflect. The clterence changes are simply tht dit- 
(tience in deflection between the rotor and case nt 
each engine stage. As can be seen, the greatest 
clearance changes in the high-pressure compressor 
should occur in the middle of the bkmIuIc. The val- 
ue* in Table IV confirr Ch s trend. The (an, as 
previously mentioned, is C> e module where the larg- 
est clearance changes resulting from aerodynamic 
loading were recorded. The values reported follow 
the expected trends within probe accuracy. 

The X-ray data for the fourth stage low pres- 
suir turbine indicate that the blade tip knife edges 
were either imbedded in the outer sir seal or touch- 
ing the outer sit seal during the static load test- 
ing. Fig. IJ shows s plot of X-ray data st the b 
and 12 o'clock locations which illustiates this in- 
terference. 

blade Tip Clearance Changes Due to Combined Thermal, 
fK7 ust, and Aerodynamic Loads 

Simulated aerodynamic loads were applied to the 
inlet of the test engine at stabilised power set- 
tings to simulate the combined effects of thermal, 
thrust, and inlet pressure l^sds on engine running 
clearances snd perforxMnce. The same inlet load 
conditions applied during static loads testing were 
used in the comb. 'td loads testing. However, the 
engine was tested over s range of load levels, gen- 
erally from H) to 13U percent of the loads that oc- 
cur in the boeing 747/JTVD Flight Acceptance Test. 
The power levels at which the engine was stabilised 
were the same as those used in the thermal loads 
teat ing. 

Combine:^ los* results from Che analysis of 
proximity prob.* uats (or the lUU percent loads lev- 
els are presented in Table V. As static test re- 
sults indicated, oni ' the fan experienced large 
clearance changes undtr (light loads. The latgeil 
core changes occur in the first high-pressure tur- 
bine stage (O.U10 inch) snd ninth high-pressure co.w> 
pressor stage. Host tmssured changes in the core, 
however, were less than 0.UU3 inch. The clearance 
changes ahown reflect engine bending due to both 
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thruit and inltl ■oitnt a. Tha cUarancr changaa in 
tha low praaaura turbina baaad on X*?ay data arr 
•hown in Tabla VI. TKaaa cltaranca changaa obtainad 
from tba X«ray data analyaia rallaci tha avaiaga 
claaranca rhanga lor aach load lypa undar the avar* 
aft load. 

Tranaiant Taat »aaMlt> 

In lanaral, tha claaranca chanfaa waauiad dur* 
ing tha two tranaiant taata wara aa aapaatad. Tha 
parfonianca calihiation taat which waa run altar tta 
tranaiant taating ravaalad no parlormanca loaa dwa 
to tha tranaiant taat. 

engine Taardown Bet ta 

At tha conplation of tha taat progran, tha an- 
gina waa diaaaaawblad and hardwara condition waa 
docuaiancad. Haaaurananl a tahan during tha build ol 
tha angina wara rapaatad at taardown and included 
blade tip claarancaa. gaa path innar air aaal claar* 
ancaa, aaal land wear locationa and daptha, airfoil 
Surface rovghneaa. and turbina airfoil flow araaa. 
Nardwara con-Iition waa than avaluatad to datanaine 
iti inpact on angina and wodula parfanaanca. 

Claaranca changaa Iron angina build naaaurad 
during taardown ara ahown in Tabla Vll for all bladi 
tip aeala. Changaa wara obaarwed in alnoat evary 
atage of the angina, with tha largaat changaa baing 
in tha fan. the aacond atage of the hip h-preaaura 
turbine, and tha filth atage ot the lou-praiaure 
turbina. In the cold aaction, these clearance 
changaa ware a result ol outer air seal wear. In 
tha turbines. tha> ware a result ol both blade 
length loss and gaa path outer aaal *^ar. 

Seal land wear patterns obaarvad duung the 
teardown ol the taat engine are ahown in Fig. N for 
the Ian* The locationa of w«ar ware aa eKpectad. 
hear in the upper left i)uadrant was produced b\ the 
piaHiiRuw dynamic pressure air load which pulled the 
Ian case down and to the right. The taae-oll ait 
load pulled the Ian case up to the right ano pro- 
duced wear in thr lowei left quadiant of the fan 
outer ait seal. 

The Vv^lume ol seal BMtetial worn from each seal 
land in the teat piogran was determined tor the 
hladr tip seals, lecauie thr seals were new and un- 
worn when the engine was built, the wear volumes 
were calculated Iron wear depth, width, and ate 
length iseasurement a taken at taardown. theai wear 
volumes do not include laaterial removed ftoa blade 
lips in the turbine section of the engine. 

Thr efievts on rnaine performance of blade lip 
and gaa path inner ait seal tip clearance changes, 
surface roughness incieaaes, and vane bow were #•- 
atsaed uaing the fratt 4 Whitney Airktafi component 
design system. These efiacia are ahown in Table 
Vlll. The high*preasure comprtaaor and turbine con- 
tributed Che moat to engine performance deteriora- 
tion, with Che single moat important factor ^eing 
the blade tip clearance change in the high-pieaaute 
compressor. The *!icreaae in blade tip clearances 
accounted toi 1.1 percent of the 1.3 percent total 
performance loaa. The remaining U.2 percent was 
caused by surface contamination of airfoils and 
thermal distortion of high pressure turbine compo- 
nents. These latter two deterioration mechaniama 
were due to the eapaiimenial nature ot this prograe 
and are not typical of early revenue service. Iven 


chough clearance change in the fan waa much grtaltr 
than that in the high preaaure compresaor and high 
prtaaure turbine, the influence coeflictenta rela- 
ting change in TSFC to change in clearance are 
greater for both the high preaaure comprtaaor and 
high preaaure turbine than for the tan, which ac- 
counta for the reaulta ahown in Table Vlll, 

Tetformance Anelyaia 

Tne overall angina performance chengea ana tha 
component performance chengea during the courae of 
teating were determined from calibrationa ol the en- 
gine and frem tha anelyticel taardown of the engine 
•t the end ot the program. Calibrationa were run 
prior to the application of any loada (baae-line 
cal ibrat ion) , afctr each aeriea of load applica- 
tiona, alter a aeriea of anap tranaienta, and, fi- 
nally, alter the fan blades were washed at the end 
of the program. 

The loss in engine performance from the base- 
line calibration to the end of the program waa 1.3 
percent in thrust specific fuel conaumption (TtK). 
Some performance loaa was noted when the timulaced 
climb and approach loada were applied and after the 
aimutetei maEimum dynem.c pressure loada were ap- 
plied. The major performance loaa, however, oc- 
curred when the loads which simlated take-off rota- 
tion wrr applied. Washing the fen blades produced 
a perforaance imfrovemant in O.l percant. Table IX 
aummaritts the e igine performance loaa throughout 
the teat piogram. 

A comparison of the data obtained during the 
final engine calibration with the baaeline calibra- 
tion waa made, and an analyaia waa conducted to es- 
timate how much each module*a degradation contribu- 
ted to the 1.3 percent loss in thrust specific fuel 
consumption. Component efficiency end fUiw capacity 
chaogea were eapieased aa losses in thrust spvrilic 
fuel coniumption with the aid of the oetheaiat ical 
simulation of the eng.ne. The eaaesaawni of per- 
forMnee loss tor each module based on engim tear- 
down reaulta waa oMained fiom measurements ot rubs, 
clearances, and aiifotl surface rouyhneta in the 
compression section ot the engine and measurements 
of rubs, cleaiancea, and airfoil and platform dia> 
tottton in the turbine section. These measurements 
and the etiiiMted impact on the performance ot each 
component ere auwariced in Tablv X which comperes 
the teardown and pertoramnee assesament results. 

The comparison in Table > shows that the high 
and low-pressure turbine losses indicated by engine 
teal data agree very well with the teardown re- 
•ulis. The total compression section loss indicated 
by the test data aloo agrees with that esliaiated 
from the teardown amesuresmni s. however, the dis- 
tribution of the toss aBK>ng the Ian, presauie 
cempreasor, and high-pressure turbine differs some- 
what aa detetmined by the two methccds. Smaller fen 
and low-piessurt compressor losses and a laiger 
high-ptessure compressor loss ate indicated by the 
teerdrwn measurements. 

Node! gefinemrnts 

One ol the rnsjct objectives of this and previ- 
ous tasks of the JTVD Engine Oiagnostics frogtae has 
been the developemnt end reli.iement of enalvticel 
models of 3T**D engine performmnca deter lora* ion. 

This Simulaied Aerodynemic Leeds Test Frogism piovi- 
ded the opportunity to investigate the causes ol 
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•hoTi Ur* «fMl to 4«vtlof .ht 

dal* with which to aodify proviotia analyticdl aCud* 
ic» and prodictiafia.(^) That# analytical ^radiC* 
tioiic, covbinad with cha Maaurad ^rfomanca loaaaa 
ihai occurrad durini cha taat ^roiroa, ^raittad ra- 
finamant o| tha individyal aodala lor a^ula aa wall 
a» angina parformanca data? loratioo aaraua flight 
cyclaa davalepad praviowaly undar tha JTfP tagina 
Oiagnoatica Prograa (tafa. 1 and 2), 

A trial daactipiion of cha analytical aodal of 
parlornanca datariorat len cauaad ty flight leads la 
{'ratantad balow: 

A ioatpiiiar ai«uU*lion of tha flight accaptanca 
profile tncorporataa tha proper coadiination of na* 
caUr loadingt, angina thruat, mart la and gyro- 
scopic aftacta. and angina baaalina claarancaa ba- 
twaan blada tips and oular air aaala. lapoaura to 
thrust and atanauvar loads at each flight condition 
results in daforwation of propulsion ayatao struc- 
tural ■eobara and loads Co ralatiaa aotion batwaan 
scat It and rotating coaponanta of flew path aaala 
(this IS tarwad cloaura). Thaaa cloauraa ara calcu- 
Isitd using a NASTMH aiodol of tba JTbO-7 propulsion 
svsten.. If tha actions ara larger chan can ba ac* 
roawvxlatvd bv the aeailabla claarancaa, rubs and 
waat (of blada tips and aaala) will occur and result 
in increased operating claarancaa. Abradability 
factors wataroim the trade off batwaan blada tip 
and rub strip wear, faiformanca inlluanca coeffi- 
cients for each angina stage ara than used to datar- 
Minr tha parfomanca loss due to tha increased opar- 
at ing c laarancaa. 

AS a result of the data obtained during this 
test prograoi, revisions ware « da to all alaawnts of 
tltt analvtical aK>dal to lapkva tha prediction of 
parforwanca loss cauaad by flight loada. The u^ 
dated okKiel waa than used to predict tha parfomanca 
loss (or this tiSKilatad sarodvnanic load taat pro* 
irtafr. This nradictad loss due Co seal wear ol *1.1 
percent TSFt. sht^s aactllcnt agraanant with tha *1.1 
percent suasurad loss from tha fast progiaw. Table 
XI shows a conpSTiaon ol rub atrip wear pradictad by 
th« tsodr I lor each stage of the engine and wrasurad 
utai ftoa the last ptograa. 

engine and skHiula parforaanca datariotation 
models were developed and refined as new data became 
available fri>s< the various tasks within the Cngine 
Diasnostics f'rogtam. These models relate the engine 
pcitormance loss in percent cruise thrust specific 
fuel consumption and change in aahaust gas tampeia- 
lure to engine (light cycles from the first (light 
thiough 3000 (lights. All of the contributcrs to 
performance loss ara included in the models, 
clesTsnce increases due to flight loads and erosion, 
SLitSke loughhass, and thermal distortion of hot 
section parts, fig* 13 shows engine performance 
losses through 2000 flighta updated with the results 
of this aerodynamic load sianjlation lest program. 

The mooel reflects refurbishment of the high pres- 
sure turbine every lOOO flights. 

^oncludiivg Aamarks 

Tha tasting and analytical teardown of the 
JTvO-^AH cast angina have significantly improved the 


understanding of ahort Ians angina parformanra da* 
ttrioracion. Tha overall thrust specific fuel con- 
sumption change was maasurad to ba el. I pareant 
which was cha rtauU of load inducad clasranca 
changaa, primarily choaa raaulting from appltcatien 
of tha taka-off load. Tha analytical taardawn of 
tha taat angina ahowad cltaraoca changes in sll 
modults with tha major changes occurring in tha fan, 
high-prassura comprasaor, and high-prassura turbine. 

The rub pattarns that oci'irrad in the test 
anpma ware compared wiih both analytical auidal pr^ 
diction# and thoaa rub patterns documancad to have 
occurrad in an angina removed from ravanua aarvica. 
In general, the comparison indicates good sgraamant 
in most of tha angina atsgas. 

The JT9D parformaiKa modal refined as part of 
this tffort indicstss that tha flight inlet aerody- 
namic loads do not subatantially contribute to air- 
plane ravanua service performance changes, baesust 
much of tha deter loration caused by these loads oc- 
curs during airplane accaptanca tasting prior to tha 
start of isvanua saivics. This performance incra- 
mant should not ba conaidarad whan comparing cruiss 
parformsnet losses with revenue aarvica usage. 

Loads tasting of tha type conducted undar this 
program should ba considered on sll new anginas or 
tngina/nacalla combinations vary early in their de- 
velopment. This early tasting would provide tha 
longest possible lead time for refining the total 
propulsion system design. Analytical studies such 
as those conducted undar earlier phasaa of tha Cm 
gina Diagnostics Program, and refined undar this 
phase of tha program, ara considered to ba an impor- 
tant element in the preliminary and dstsilad design 
of sdvancao anginas and nacelles. 
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TABLE 1. - SIMULATED AEMOOTMHIC LOADING TABLE II - COMBINED LOAD TEST CONOITIDNS 


(Four tll 9 ht point!! thruAt, Atrodynuilc loid!.] Tour loAd 1t»«ll for ipch condition 



ApproalMt* 

Acrod.vnMilc lotd 

Tiktoff. porcpnt 

2S 

so 

7S 

100 


thrust, 

1b 

iMwnt* pt 
•A* ritngc. 

iPt* c1M/(*rly cruitt 

SO 

100 

120 

140 



In-lb 

Mbklnun dynPBic proiturt 

so 

7S 

100 

ISO 

Tikcoff 

46 000 

3Sb 28B 

ApprobCh 

so 

7S 

100 

ISO 

Approicn 

6 TOO 

190 670 


wrvicp 


Ut« cIl*>ti/«*'''> crulM 

29 000 

6S 681 

flight load. 






M«>1at» dyn«n1c prtllur* A2 000 23 ! 23 * 


•100 Pprcpnt of tint tllpM lOAd, 


TABLE III. - thermal loads TESTING PREDICTED 
AAISTMPCTRIC clearance CHANGES VERSUS POnER 


[ClMrpnc* chAope 1" nil! from ground tfiie.] 


stage 

Ground 

Idle 

Approach 

Cl lab/ 
cruise 

Ma>. Q 

Take-Off 

fan 

0 

-S 

-28 

-69 

-72 

LPC 

2 

0 

.4 

-?S 

-3b 

-40 

3 

0 

-2 

-;l 

-17 

-19 

4 

0 

-3 

-iO 

-30 

-33 

hPC 

s 

0 

-S 

-lb 

-21 

-22 

6 


-S 

-18 

-23 

-2S 

7 


-4 

-lb 

-20 

-21 

8 


-S 

-18 

-23 

-2S 

9 


-6 

-14 

-19 

-20 

10 


-3 

-10 

-14 

-14 

11 


-2 

-8 

-10 

-10 

12 


-1 

«1 

«3 

♦3 

13 


-3 

-8 

-12 

-12 

14 


-2 

-8 

-11 

-11 

IS 


3 

-10 

-13 

-14 

MPT 

1 

0 

-6 

-21 

-24 

-2S 

2 

0 

-9 

-26 

-» 

-32 

LPT 

3 

0 

-11 

-V 

-S 

-1 

4 


-2 

-2S 

-22 

-21 

S 



-36 

-42 

-4b 

6 

R(1at1«( rotor 

-34 

space changes: 

-41 

-4S 

N1 rp» 

0 

341 

1S96 

2100 

2234 

N< rpi« 

0 

60s 

184b 

22«S 

2390 


TASK IV 


. . CltMAHa CHAHSIS 0U£ TO MAOOVNAWC LOWS 
APPLItO TO T« STATIC lAtlllt 


[BAltd on pro«»»Uji proO* d«ti.] 


Stiff 

Probf 

Csrcuntnrfn- 

Condition* - 100 pfrttnt 

lo*d 

no. 

ttil iKAtlon 



108 

101 


(roir ¥lf«). 

113 

104 



dff 

Clffrintf chinft. Inch 

Fin, 
lt«9« 1 

1 

Z 

3 

60 

*0.029 

*0.016 

-0.001 

-0.041 

-.066 

160 

240 

-.019 

-.040 

-.006 

-.009 

*.019 

0 


4 

3» 



-.026 


Loo-prmurt 

s 

77 

*0.003 

*0.003 

*0.003 

*0.003 

COiNprftlor, 
Itiff 4 







MlfN prfiturf 
CO"pr»»»or, 

Stiff S 

9 

11 

12 

96 
276 
34 f 

*0.001 

0 

0 

0 

*0.001 

-0.001 

0 

*0.001 

Hlfn-prfssurf 

camprfssor, 

17 

le 

47 

133 

*0.001 

0 

*0.003 

-.001 

*0.006 

-.003 

0 

•0.002 

Stiff 9 

19 

20 

191 

313 

*0.003 

-0.001 

*0.006 

*0.001 

Miqh-prfssurf 

21 

60 

-0.007 

-0.003 

-0.007 

-.001 

*.004 


cowprfssor. 
Stiff 10 

22 

23 

24 

136 

192 

316 

-.002 

*.003 

*.001 

*.010 

*.002 

0 

0 

*0.006 

-.001 

Mifh-prfssurf 

COflprfSSor, 

Stiff 11 

25 

26 
V 
28 

76 

166 

248 

346 

-0.006 

0 

0 

-.003 

-0.004 

-.001 

-.003 

-.001 

-0.006 

-.007 

-.006 

*.003 

--.0O7 

*.001 

*.001 

-.006 

Htfh-prfssurf 

30 

121 

-0.002 

-0.003 

-0.006 

0 

comprfiior, 

Stlfl 14 







Htfn-prf ssurf 
turMnf , 

33 

34 

60 

160 

*0.006 

*.006 

*0.003 

*.004 

♦0.006 

♦.Oil 

*0.006 

*.003 

stiff 1 

36 

36 

230 

330 


♦.006 

•.012 

♦.004 



tMlpht cpndtnon drictotions: 
No. 113 tpproAcn tor Unding 
No. 108 ptrpltnp Mtlamn djmpwlc 
Preiiurp 


No. 104 lltt clt»t>/f«rlp cruU« 
No. 101 tpL(-otf rot *t Ion 




TABU ». - CltWAUCt CMWittS OOC TO AlAOOTNAMIC LOADS 

APPLUD to TH( RUMIM (NGINC 

on proimtty probt diU - tra« no looo po»fr condition.) 

StiO* ?<•<»>• Clrcidoftron- Condition* - 100 p«rc*nt 1o»d 
^ no. 11*1 locttlon 

(r**r »!»•), IIJ 10' 10« 101 

«•« 


f *n, 
iKqc 1 


Lo»-preiturt S 

COt’Wfiior, 

»t*g* < 

Nign-pretsurt 9 

conpretior, 10 

tt<9* S 11 

12 

High-prctturc 1* 

comprostor, lb 

tttqc 6 

Mtgh-prenure W 

coKiprtivor, 16 

ttigf * ZO 

Mioh-pretlur* 21 

cwfttor, 22 

ttige 10 23 


Hiqn-pr*$sure 
conprf iic, 
ttiqr 11 


Hiqh-preiiure 
ccmpreiior, 
Utqf 1* 


Condition* - 100 

pcrctnt 

lo*d 

113 

10* 

108 

101 

CW*r«nc* cn*n 9 «. IncA 

♦0.0*2 

♦0.016 

-0.006 

♦0.044 

-.022 

-.010 

♦.06* 

-.040 

-.Obb 

-.008 

.004 

♦.034 

♦.016 

1 

O 

o 


♦0.003 

♦0.001 


♦0.0O2 

♦0.001 

♦0.002 

♦U.002 


♦O.OOT 


♦.002 

♦0.001 

-.001 

♦0.002 

♦.001 

-.001 


-.004 


♦o.ool 

0 

♦0.00b 


0 

♦.004 


■o.ooo 

-O.OPj 

♦0.002 

-0.016 

♦ .oc« 

♦.002 

-0.003 

-.00b 

-.002 

-.00* 

♦.002 

-.006 

-0.006 

-0.003 

♦0.002 

-.002 

-.001 

0 

-.010 

♦.000 

0 

-.00b 

-.006 

♦.003 

0 

♦.004 

-.002 

-0.006 

♦0.001 

-0.002 

-0.007 

♦.003 

♦.00* 

-.00b 

♦.OOj 

♦.00b 

♦.009 

♦.003 

♦.00* 

-.00b 

0 

♦.007 

-.00b 


♦o.uo? ♦o.ous 


% 

M(gh-prrnure 

turtin*, 

33 

34 

60 

IbO 

♦O.013 

♦.007 

0 

-.006 

-0.00b 

♦.00b 

A 


sUgc 1 

3b 

36 

23C 

330 


♦.006 

U 

-.006 


•Flignt condtHon oticriptioni: 
No. 113 tppro»c^ lor linaing 
No. 108 iirpUn* d>n«»iic 

Preiiucf 


No. 10* l*t» tl'i«6/**'’'y truU* 
No. 101 roUtlon 


TABU VI. - LOU miSSUIt TUBIIM 
BLAOL TIB CUAKAHU CNAMtS DUf 
TO AVtNAiC A£ROOTk.V<IC LOAD OM 
THC RMMIM CWINt 


[l-rAjr rtiuUk.] 


Condition* 

113 

10* 

lOB 

101 

lood, pcrctnt 

B3.S 

102. S 

93. S 

100 

3rd St 09 * 

12 o'clock 

«1 


♦19 

•12 

B o'clock 

-2 


-16 

♦2 

*tn Stooo 

1? o'clock 

•5 

.6 

-A 

♦1 

6 o'clock 

♦4 

♦; 

-21 

♦IB 


CltAftnce chAngei trt In alU froa tti« 
no-Atro-loAO-At poatr condition 

*113 - ApproACh for Ipnding 
10* - Lltt cllnb/pprljr ervltp 
lOB - AIrpItno bm. dynwlc pr«(*urp 
101 - Ttkteff rotitlon 


TABU VII. - BLAOC TIB WASURED 

aEABAMCE CHAMES 

Modulo s!tABd C'sironco 
ditnot, 



1 

In. 4 
0.0S7 

ccwprtiftor 

3 

0 


4 

.001 

NiBB-proiiurn 

i 

0.004 

conortiftor 

B 

.012 


7 

.003 


B 

.007 


9 

.002 


10 

.OOB 


11 

.007 


12 

.007 


13 

.OOS 


14 

.013 


IS 

.014 

HIgR-prttturo 

1 

0.012 

turtint 

2 front 

.040 


rtir 

.040 

Lo*-prtlturc 

3 front 

0.010 

turtint 

rtar 

.OIB 


4 front 



rt*r 



S front 

.OSl 


rt*r 

.0B2 


B front 

.02B 


rt«r 

.02B 


*T««rdoun clooronct 1«tl 
nuUd citoronco. 


TABU VIII. - TEAROOUA RESULTS - BERFORMAACC :>iAAStj BASEU OR IdUIDuARE CONDITlUN 


Nodulf 

MtcXonum 

CPongt In 

Lbongt In 

Cnongt In 



tff ICItno. 

flou COporitji. 

TSFL,* 



point 

pcrctnt 

ptrctnt 

Fin 

Bloat tip citorsnct 

-0.4 

-0.5 

♦0.1 


Surftct rougnntst 

-0 

-0 

♦0 


For tubtotol • 



♦.1 

LOi- 

Bloat tip (ItO'Onct 

-0.1 

-0.4 

♦0.1 

prtiiurf 

Inntr oir-ttol vltoronct 

-c 

-0 

♦0 

comcrtiior 

Surfoct rougnrtti 

-.1 

-0 

♦0 


LC<r-prtl»urc conprttvor 

tubtotol • 


♦.1 

Hi9rw 

Bloat tip cltoronct 

•«.B 

-1.1 

♦0.4 

prfiiurt 

Inntr olr-ttol cltoronct 

-0 

-0 

♦0 

conpritior 

Surfoct rouglintit 

-0 

-0 

♦0 


Hlgh.prttiurt cooiprtkkOf 

' tubtotol • 


♦ .4 

Hlyn. 

Bloat tip cltoronct 

-O.S 

♦0.2 

♦L.J 

prtisur# 

Inntr olr.stol cltoronct 

-0 

♦0 

♦0 

turpmp 

Firtt-ttogt ront bo« 

-0 

♦.6 

♦.2 


nign-prtkvurt turpint kubtotol • 


♦.S 

lOfc- 

Bloat tip cltoronct 

-U.2 

♦U 

♦0.2 

prtituff 

Inntr Olr-ttol cltoronct 

-0 

•0 

♦0 

turbint 

Loo-crttturt turpint tuPtOtol • 


♦.2 



overall 

■ 

O 

•1.3 


*At too )««c1. conttont toko-off tnruit. 

M 




I 


i 

it' 

f 

I 

? 

4 


TABl£ I«. - INtmi LOSS f0« VMIOIIS 

rilfiMT LOAD COIClTIOfiS 


TABLE 11. - (NfilNL RUB-STftIP HtAR* BT STAM 
rOA TEST SlQUtNCE 


1«tt cordltlon TSfC «t contttnt thrust. 

prrctht 

B«sr lint — 

Aftr-: 

Cllxib ind tpprodch lodOt *O.Z 

M«i dynMU prtsturt loidt *.A 

T»k»-oft lo»d» 

Sr»p trinttdnti *}•< 

fin »»ih (end of pro«r«i) ♦1.3 


TAr.l£ >, - COMAARlTOh Of C 0 f'»O*l£Hl OfTtAlOAATIOh ASSESS 
WAT FROM T£A«(XMN KSULTS MITN OiTfBlORA 
TION ASStSSVNT FROM ER 6 IRC DATA 


CdnponcM 

Chenge In '’SFC 
estiMted fma 
te«rdo<«i Bee- 
tureaentt, 
percent 

Chenge In TSFC 
fsttaeted frcei 
engine teit 
oett, 
percent 

*tn 

♦0.1 

*0.2 

Lo>-prctfurt comprctior 

♦.1 

♦.2 

N< 9 h-presture cooprettor 

♦.« 

♦.2 

High-presturt turbine 

«.S 

♦.S 

Lokt-pretturt turbine 

♦.2 

♦.2 

Totel 

♦l..t 

♦1.1 


Mceturcd chenpt <n TSFC ■ *1.3 percent 


Hodule/sttge Fredletlcn* T»-t‘ 


Fnn 

22. 7S 

23.8 

Lo»-prttiurt coaprtiior: 

Second ttege 

0.63 

1.69 

Third itige 

1.4P 

.20 

Fourth ttege 

1.92 

■■ 

hleh'pretture coaoreitor: 

Fifth ttege 

0.17 

C.83 

Sleth ttege 

.3t 

.36 

Seventh tt*"» 

.06 

.16 

Eighth tteg. 

.32 

— - 

RInth ttegH 

.06 

.06 

Tenth ttege 

.07 

— 

Eleventh ttege 

.28 

.16 

Teelfth ttegr 

.09 

.C7 

Thirteenth ttege 

.IB 

.36 

Fourteenth ttege 

1.24 

1.27 

Fifteenth ttege 

.9S 

.9b 

high-pretture turbine: 

First ttege 

0.13 

0.13 

Second ttege 

.39 

.63 

Lou-pretture turbine; 

Third ttego 

0.19 

O.IV 

Fourth ttege 

— 


Fifth ttege 

.7S 

.73 

Sleth ttege 

.60 



A|ie«r kolkinc (CuDlC inchet). 


I 



c 


Figure 1. - Effect of aerodynamic flight loads on fan blade tip clearance. 
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Figure 12. - Typical backbone bending plot for the JT90 
engine. 


Figure 11. - Third stage low-pressure tur 
bine rear knife edge to case - x-ray re- 
sults from thermal loads testing. 
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Figure 13. - Fdurth stage low-pressure turbine 
forward knife-edge to outer air seal body - x- 
ray results from static load test 
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Figure 14. - Predicted versus measured outer seai wear patterns produced 
by flight loads. 






Figure IS. ■ JT9D perfomance deterioration. 
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Figure 3. - JT90-7AH test engine prepared for approach load. 

\ 


Liw ■■ 

' ' 1 

% 

■ c- . 

^ \ 

V. “ 

. S- 

f ' 

'■ ' t 

' E., . 

\ 

IM CM M '«! M 

t I > ] M 

1 ” ' ' ' 

r 

i»ff. 


t ^ 

Side view 

Front view 

Figure 4. - Engine cowl load test set-up. 








